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Abstract
Imaging the Photoluminescence (PL) intensities related to recombination via the two metastable states of chromium
in boron doped silicon is a highly sensitive means for measuring the spatially resolved interstitial chromium 
concentration ([Cri]) in silicon. In this work we show that the straightforward combination of this method with a 
micro PL Spectroscopy (μPLS) setup allows for the detection of [Cri] with micrometre resolution. Measurements
performed on a chromium contaminated multicrystalline (mc) silicon wafer show impurity inhomogeneity on the
micron scale, yielding a proof of principle and revealing new insight into chromium concentration variations around 
defects.
© 2013 The Authors. Published by Elsevier Ltd.
Selection and/or peer-review under responsibility of the scientific committee of the SiliconPV 2013
conference
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1. Introduction
Imaging of carrier lifetime limiting impurities is becoming a standard investigation method in the
assessment of silicon wafers for solar cells. Some dissolved impurities of detrimental influence on carrier 
lifetime like iron and chromium (Cr) can exist in different metastable states in boron doped silicon which 
exhibit different recombination activities. By preparing each state and calculating the inverse difference
of the measured carrier lifetimes the impurity concentration can be calculated (for the case of iron refer to
[1,2], for chromium to [3]). Using imaging techniques this approach has proven to be able to measure
spatially resolved impurity concentrations [4,5,6].
An impurity of interest with such behaviour is dissolved Cr, which can, depending on the temperature
treatment, either be present as interstitial (Cri) or paired with boron (CrB). A preparation of the Cri and
CrB state [6] with measurement of the respective SRH lifetime, named after the model of Shockley, Read 
[7] and Hall [8], with a μPLS setup thus allows for a microscopic mapping of [Cri]. μPLS has already 
been used to measure SRH lifetimes [9], doping densities [10] and stress [11] in silicon on the micron
scale, using a point shaped laser excitation to circumvent the spatial resolution limit given by lateral
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carrier diffusion. The presented extension of μPLS is particularly interesting for the investigation of [Cri] 
near structural defects in mc silicon which may yield gettering capabilities and alter the solubility of Cr. 
 
Fig. 1 (left) Cri (blue lines) and CrB (red lines) SRH lifetime for [Cri] = 3x1013 cm-3, the dashed lines are effective lifetimes 
including Auger recombination. (right) Dependence of PL intensity on surface recombination velocity 
2. Simulation 
In Fig. 1(left) the carrier density dependent lifetimes of the Cr induced defect levels for the Cri and 
CrB state for a boron density of 3.3x1016 cm-3 and [Cri] = 3x1013 cm-3 are depicted. The dashed lines 
indicate the Cr limited carrier lifetime modelled by SRH theory, the solid lines indicate the effective 
lifetime including Auger recombination. While existing methods making use of the lifetime difference of 
the metastable defect states measure at the lower tail of the SRH lifetime curve below carrier densities 
= 1015 cm-3, μPLS measures at high injection levels above 1016 cm-3 exploiting the significantly higher 
relative difference of the SRH lifetimes between the two metastable states in this injection regime. 
To calculate quantitative lifetimes from the measured PL intensities the ansatz proposed in [12] is 
used. However, by measuring on passivated surfaces the calibration of the surface recombination velocity 
(SRV) performed there is not necessary: the simulation of the detected PL intensity dependence of the 
SRV S is shown in Fig. 1(right) ( bulk = 1 μs, NA = 3.3x1016 cm-3). Below S = 100 cm/s the deviation of the 
PL intensity from its value at S = 0 cm/s can be neglected. This result is supported by comparing μPLS 
maps and PL images of samples with damaged passivation, where the passivation damage is not visible in 
the μPLS map (not shown here). Thus, we can use S = 0 cm/s in our calculations. [Cri] can be calculated 
from the measured carrier lifetimes  in the respective Cr state using 
 
(1) 
The injection dependent factor  is given in [13]. The measured μPLS intensity maps in the two 
states were aligned using a MatLab® image register routine based on multimodal image intensity 
correlation with rigid transformation (translation and rotation). Several random image registrations were 
cross checked by manual image alignment. 
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Fig. 2 Triple grain boundary. In a) the μP -GB are visible. In b) the calculated
[Cri] map is depicted showing denuded zones and a narrow band of high[Cri]
3. Experimental
A mc silicon wafer from 50% block height from an ingot intentionally contaminated with 20 ppma Cr 
in the melt is investigated. The bulk doping density is 3.3x1016 cm-3 and Neutron Activation Analysis
measurements yield a mean total Cr concentration of about 1013 cm-3 [14]. The sample was mechanically
diamond- and SiC polished and Al2O3 passivated with a 440 °C/25 min passivation anneal. The Cri/CrB 
states were prepared by 250 °C/100 °C temperature steps for 10 min/30 min, respectively. With this
temperature treatment an almost complete association of the CrB complex is achieved, whereas its
dissociation reaches a level of 90%. It was taken care that other metastable defects like FeB-pairs and the 
BO-complex are in a defined state for both measurements, by applying an additional 250 °C step for 
10 min before the 100 °C step (BO-annealing) and an illumination for 10 min at 1 sun before 
measurement (dissociation of FeB-pairs and defined BO-state). μPLS measurements were conducted with
a setup described in [12], however using a lens with lower NA = 0.26 to enhance sensitivity for [Cri]
measurements. With this lens a spatial resolution of less than 2 μm is achieved. To ensure that a 
chromium induced effect was measured, the reversibility of the Cr states was always controlled which
leads to three measured carrier lifetime maps for one [Cri] map. Two different regions of interest (ROIa
in Fig. 2 and ROIb in Fig. 3 were investigated, where ROIa was measured with a step size of 5 μm and 
ROIb with a step size of 2 μm.
4. Discussion
The measured carrier lifetime i) in ROIa is depicted in Fig. 2a. Three different grain boundaries
(GBs) are visible: an undecorated GB on the lower right, a GB decorated with precipitates on the lower 
left, both with low recombination activity, and a small angle (SA) GB with high recombination activity. 
All three GBs show extended denuded zones, whereas the SA- in the
μPLS carrier lifetime map. Fig. 2b shows [Cri] calculated from Fig. 2a using Eqn. 1. The overlaying
pattern of [Cri] variation, which is particularly visible in the homogeneous grains, is no noise but a
a) b) c)
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Fig. 3 SA-GB loop. a) μPLS carrier lifetime, b) [Cri] peaks at SA-GB, c) line scans at arrows in a)/b)
measurement artefact connected to the used 10x lens of yet unknown origin. The denuded zones in a)
show a decrease in [Cri], as expected due to internal gettering [14]. Line scans along the arrows in Fig. 2b
are shown in Fig. 2c: clearly all three denuded zones exhibit an identical depth, i.e. a reduction of [Cri] of 
50 %, and a FWHM of about 100 μm. Denuded zones at SA-GBs, which have to the authors knowledge
not yet been observed, have already been predicted to occur similarly to denuded zones at GBs by
simulations of [Cri] kinetics during block solidification [14]. Besides the reversibility of the Cr states the
observation of denuded zones at GBs, which were also measured at a sister wafer using a PL Imaging
setup [6], yield a proof of principle of our microscopic chromium mapping.
Besides the observation of the denuded zones, the striking observation in the [Cri] map in Fig. 2b is
the asymmetric narrow band (FWHM < 10 μm) of about 3x higher [Cri]. In order to minimize the risk of 
an artefact due to an image misalignment ROIb was measured with 2,5x higher resolution. The i) and 
[Cri] maps are shown in Fig. 3a and b, respectively. Due to the closed SA-GB loop and the opposite
asymmetry of the narrow bands at opposite sides of the loop, a translational misalignment can be 
excluded. Furthermore a rotational misalignment cannot cause the observed narrow band. In [5] a 
possible measurement artefact causing such a peak is discussed: under homogeneous illumination the
actual carrier density in areas of low quality can be enhanced by lateral diffusion of carriers into this area
from nearby areas of high quality. This effect results in an overestimation of impurity concentration 
calculated using Eqn. 1. In our case of a point shaped laser irradiation such an effect can be excluded: the
half width of the irradiating laser spot is smaller than the crystal volume from which luminescence is
detected, i.e. there is no lateral carrier flux towards the detection volume.
In Fig. 3c line scans of i) and [Cri] at the arrow in Fig. 3a and b are shown. The [Cri] peak exhibits 
point symmetry with respect to the SA-GB centre, which is given by the point of lowest carrier lifetime.
This behaviour of the [Cri] concentration can be well understood in terms of solubility fluctuations and 
metal precipitation behavior near dislocations as will be shown in a forthcoming paper.
a) b) c)
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5. Summary 
In this paper we presented a microscopic means to determine the dissolved chromium concentration in 
silicon with micrometre spatial resolution. This could be realized by mapping the carrier lifetimes of the 
two metastable chromium states in boron doped silicon using a micro photoluminescence technique. 
Measurements conducted on chromium contaminated silicon wafers yield a proof of principle and reveal 
chromium concentration variations which could for the first time be resolved. We call this differential 
mapping technique Micro Chromium Mapping. 
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